Abstract. Despite considerable efforts, structural prediction of proteinpeptide complexes is still a very challenging task, mainly due to two reasons: high flexibility of the peptides and transient character of their interactions with proteins. Recently we have developed an automated web server CABS-dock (http://biocomp.chem.uw.edu.pl/CABSdock), which conducts flexible protein-peptide docking without any knowledge about the binding site. Our method allows for full flexibility of the peptide, whereas the flexibility of the receptor is restricted to near native conformations considering the main chain, and full flexibility of the side chains. Performance of the CABS-dock server was thoroughly tested on a benchmark of 171 test cases, both bound and unbound. Evaluation of the obtained results showed overall good performance of the method, especially that no information of the binding site was used. From unsuccessful experiments we learned that the accuracy of docking might be significantly improved, if only little information of the binding site was considered. In fact, in real-life applications user typically has access to some data indicating the location and/or structure of the binding site. In the current work, we test and demonstrate the performance of the CABS-dock server with two new features. The first one allows to utilize the knowledge about receptor residue(s) constituting the binding site, and the second one allows to enforce the desired secondary structure on the peptide structure. Based on the given example, we observe significant improvement of the docking accuracy in comparison to the default CABS-dock mode.
Introduction
Peptides are probably one of the best candidates for protein-targeting drugs as they are highly selective and effective on one hand and easily tolerated and rather safe on the other. Recently, the interest in research and development of the peptide-based drugs has been constantly on the rise [1, 2] . Consequently, there is a large need for effective tools and strategies for computer-aided peptide modeling that may help to establish new routes of rational peptide design [3] .
For over ten years we have been developing a coarse-grained model of proteins CABS [4] and applying it to various molecular modeling tasks including modeling of protein structure [5, 6] , dynamics [7] [8] [9] [10] [11] [12] and interactions [13] [14] [15] [16] [17] [18] [19] [20] . Recently, we have launched the CABS-dock web server [21, 22] , which utilizes a method for protein-peptide docking through multiscale simulations using CABS model. What distinguishes the CABS-dock from other docking protocols is the fact that no information about the shape and location of the binding site on the surface of the protein receptor is used. Method was tested on a large benchmark of protein-peptide complexes, both bound and unbound [21, 22] . The results showed overall good performance of the CABS-dock. What we also learned from the less successful cases is that the docking results might significantly improve if some information about the binding site and/or the approximate shape of the bounded peptide was used. Both these sources of data reduce dramatically the conformational space of the system. This way the search for the global energetic minimum is far more effective.
Here we present initial validation tests of new features that could be added to the CABS-dock method. These features utilize additional data about the modeled complex, such as approximate location of the binding site or secondary structure of the peptide. We also demonstrate how this data improve the modeling of the complex between the Syntenin protein tandem and a peptide (pdb code: 1W9E).
Materials and Methods

Model
The CABS model has been already described in great detail [4] . Here we only outline its main characteristics: 1) coarse-grained representation of proteins and peptides -each residue is represented by three pseudo-atoms: Carbon Alpha, carbon Beta and united atom for the Side-chain (hence the name of the model). Additional fourth center of interactions is located in the center of the virtual Cα-Cα bond and mimics the hydrogen bonding point of the peptide bond. To speed-up the computations of local conformational transitions Cα atoms may only move between nods of the simple cubic lattice, while other atoms follow the movement of the main chain; 2) statistical force field -interactions contribute to the total energy of the system in relation to how often they have been observed in already solved structures from the PDB database; 3) simulation is controlled by the Replica Exchange Monte Carlo scheme. Thanks to such design the CABS simulations are almost four orders of magnitude faster than all-atom Molecular Dynamics. At the same time CABS Monte Carlo dynamics simulations preserve acceptable resolution of the modeled structures, as coarse-grained models may be easily and accurately rebuilt to an all-atom representation.
CABS-dock Standard Procedure
Peptide docking procedure implemented in the CABS-dock server consists of the following steps: 1) initial setup -both the peptide and the receptor are transformed into CABS representation, ten copies of the peptide are generated for the Replica Exchange method, each copy has a random structure and is located in a random spot around the receptor structure at a distance up to 20Å from the receptor surface; 2) simulation -both the main chain and the side groups of the receptor are flexible however the whole structure is restricted to near native conformations (although user may select semi-flexible and fullyflexible spots), the peptide molecules are freely moving around the receptor and are completely flexible; 3) initial filtering -as a result of the simulation 10000 poses are collected, top 1000 most strongly bound complexes are selected for the next step; 4) clustering -1000 models are grouped into 10 clusters in k-medoids procedure with ligand RMSD (root mean square deviation of coordinates of the peptide after superposition of the receptor molecules) as the measure of models similarity, medoids from each cluster are selected for the next step; 5) model reconstruction and final ranking -reduced models are rebuild to the all-atom representation using Modeller [23] and ranked 1-10 based on the cluster density (maximal difference between models within a cluster divided by the number of cluster elements) of the cluster from which they originate.
New Features of the CABS-dock Method
We have designed and implemented two additional CABS-dock features, which utilize additional knowledge about the modeled complex.
Docking with anchoring residues. This new CABS-dock feature allows user to select receptor residue(s) that potentially belong to the binding site (preferably on the surface of the protein) and will act as anchor(s) upon docking. That functionality was realized by a simple attractive potential between anchoring residues and any of a peptide residues. The energy of such interactions depends only on the minimum distance D (Fig. 1) between any of the peptides side-chains and the side-chain of the anchoring residue. The potential drops to zero both when D > D max to avoid attraction through the core of the receptor, but also when D < D min so that the shape of the energy function close to the binding site is not distorted. Such interaction has a broader meaning than a Go-like contact potential. This concept follows a hypothesis that different residues of the receptor may be responsible for peptide recognition and for binding [24] .
Using anchoring residues may significantly improve the quality of docking. If user provides the location of the binding site there is no need to sample other regions around the receptor. Therefore, we also updated the procedure for building of the initial setup of the system. Instead of randomly anywhere on the sphere around the receptor, the peptide copies are initially located on the same sphere but randomly in the vicinity of the intersection of that sphere and its radius defined by the geometrical center of all anchoring residues. Fig. 1 . Plot of the attractive potential between anchoring residues and the peptide. The potential is equal to −E0 on the range defined by DMIN and D0. Then it is linearly driven to zero at the distance DMAX .
Docking with enforced secondary structure This CABS-dock feature allows user to enforce predicted or known secondary structure of the peptide molecule. In the standard mode, the CABS-dock algorithm uses secondary structure prediction only as a weak preference towards helical or expanded conformation -there is a small energetic reward when peptide adopts structure compatible with the prediction, but no penalty if it does not. We added a procedure that generates distance constraints for those fragments of the peptide that are assigned helix or strand. The lengths of the constraints are taken from average helix/strand structure.
Results
For demonstrational purposes, we present here one case in which the use of additional information about the peptide made a dramatic difference in the results (thorough testing of the new features will be performed on a large benchmark set and will include the optimization of various parameters).
Protein complex 1w9e consists of the two-domain receptor (165 residues) and a 5-residue peptide (sequence: NEFYF). In three CABS-dock prediction runs (3x10000 models) the best model generated had ligand RMSD vs. the native structure equal to 3.77Å, but the best pose from those selected as the final models was 16.41Å away from the native structure [22] . Therefore, in the benchmark test this case was considered as a low-quality prediction.
We conducted three simulations using new CABS-dock features: 1) only with enforced secondary structure, 2) only with anchoring residues 3) with both enforced secondary structure and anchoring residues. The secondary structure was assigned to the peptide via DSSP [25] as CCEEC meaning that residues 2-4 in the peptide were constrained (two residues flanking the beta fragment, although assigned coil are affected by neighboring strand and therefore also constrained). As the anchoring residues we selected those amino acids that were found to form a contact with any of the ligand residues. We considered two residues to be in contact if any of their heavy atoms were located within 4.5Å from each other. For the comparison with the benchmark result we selected the best models from 10 final models from each of the simulations. Fig. 2 . Docking results of a) standard CABS-dock simulation (resulting RMSD of the structure is 16.41Å) b) with enforced secondary structure (RMSD of the structure is 21.25Å) c) with anchoring residues (RMSD 3.51Å) d) with enforced secondary structure and anchoring residues (RMSD 0.85Å). Models are superimposed on the experimental complex structure. The receptor is shown in yellow, peptide is shown in green (native) and red (models). Anchoring residues are shown in blue. Simulation 1. Use of only the enforced secondary structure feature resulted in the RMSD rise to 21.25Å. Similarly to the benchmark simulation the peptide was docked in the wrong binding site. However as a result of the enforcement of the secondary structure, the peptide was more linear and therefore more similar to the native conformation (RMSD between peptides after their superposition was equal to 1.19Å), see Fig. 2b . Simulation 2. In this case the anchoring residues pulled the peptide to the correct pocket as reflected in the RMSD drop to 3.51Å. The shape of the peptide molecule however differs visibly from the native conformation (RMSD between peptides after their superposition -2.34Å), see Fig. 2c . Simulation 3. With both features combined the resulting model is only 0.85Å away from the native structure and the peptide structure is 0.43Å away from the peptide in the native structure, see Fig 2d. 
Conclusions
New features designed for the CABS-dock server greatly improved docking results of the test case complex 1w9e. Obviously further optimization of these procedures followed by broader testing on a larger sample is required to draw conclusions about the effectiveness of the changes. Moreover both features seem to be very sensitive to false positives. Nevertheless the spectacular level of improvement in the test case is a solid base for further development.
